Glaucoma, one of the leading causes of irreversible blindness, is characterized by progressive degeneration of optic nerves and retinal ganglion cells (RGCs). In the mammalian retina, excitatory amino acid carrier 1 (EAAC1) is expressed in neural cells, including RGCs, and the loss of EAAC1 leads to RGC degeneration without elevated intraocular pressure (IOP). In the present study, we found that expressions of angiotensin II type 1 receptor (AT1-R) and Toll-like receptor 4 (TLR4) are increased in RGCs and retinal Mü ller glia in EAAC1-deficient (KO) mice. The orally active AT1-R antagonist candesartan suppressed TLR4 and lipopolysaccharide (LPS)-induced inducible nitric oxide synthase (iNOS) expressions in the EAAC1 KO mouse retina. Sequential in vivo retinal imaging and electrophysiological analysis revealed that treatment with candesartan was effective for RGC protection in EAAC1 KO mice without affecting IOP. In cultured Mü ller glia, candesartan suppressed LPS-induced iNOS production by inhibiting the TLR4-apoptosis signal-regulating kinase 1 pathway. These results suggest that the reninangiotensin system is involved in the innate immune responses in both neural and glial cells, which accelerate neural cell death. Our findings raise intriguing possibilities for the management of glaucoma by utilizing widely prescribed drugs for the treatment of high blood pressure, in combination with conventional treatments to lower IOP.
It is well known that an immoderate release of excitatory amino acids, such as glutamate, can cause neuronal cell death. An excessively high extracellular concentration of glutamate chronically activates glutamate receptors and allows calcium entry into the cell causing an uncontrolled elevation of intracellular calcium levels. 7, 8 The glutamate transporter is the only mechanism for removal of glutamate from the extracellular fluid in the retina. 9 In the inner plexiform layer where synapses exist across RGCs, at least three transporters are involved in this task: glutamate transporter 1 (GLT-1) located in the bipolar cell terminals; excitatory amino acid carrier 1 (EAAC1) in RGCs; and glutamate/aspartate transporter (GLAST) in Mü ller glial cells. 10, 11 We previously reported that GLAST and EAAC1 knockout (KO) mice show progressive RGC loss and optic nerve degeneration without elevated IOP, and not only glutamate neurotoxicity but also oxidative stress is involved in its mechanism. 6 Glutamate neurotoxicity and oxidative stress have been proposed to contribute to retinal damage in various eye diseases including glaucoma. 12 Together with the downregulation of glutamate transporters and glutathione levels observed in glaucoma patients, 13 these mice seem to be useful as the animal models of NTG. reticulum stressors, including neurodegenerative diseases. 15 We previously reported that ASK1 KO mice are less susceptible to ischemic injury and optic nerve injury. 16, 17 In addition, RGC degeneration was partly suppressed in GLAST/ASK1 double KO mice.
14 Thus, interruption of ASK1 pathways could be beneficial for RGC protection during retinal degeneration including glaucoma. Furthermore, ASK1 directly binds to Toll-like receptor 4 (TLR4) and regulates the innate immune responses during neuroinflammation. 18 The renin-angiotensin system (RAS) has a major role in the cardiovascular system. 19 Renin, a proteolytic enzyme primarily released by the kidneys, cleaves angiotensinogen to angiotensin I (AngI). AngI is further processed by angiotensin-converting enzyme and angiotensin-converting enzyme 2 (ACE/ACE2) to different angiotensin cleavage products. Among them, angiotensin II (AngII) is the principal effector molecule of the RAS, acting on its target cells mainly via AngII type 1 receptor (AT1-R). 20 In addition, AngII induces TLR4 expression in various cell types. 21, 22 Modulators of the RAS, such as ACE inhibitors or AT1-R antagonists, are utilized as prescribed drugs to treat high blood pressure. 23 A recent study showed that candesartan, an AT1-R antagonist, protected rat retinal neurons from ischemia-reperfusion injury, 24 but the detailed mechanisms are still unknown. Interestingly, polymorphisms in AngII receptors are reported in glaucoma patients, 25 and ACE inhibitors may suppress the progression of visual field defects in NTG patients. 26 These results suggest a possibility that the RAS is implicated in RGC death by an IOP-independent mechanism. In the present study, we show neuroprotective effects of candesartan in EAAC1 KO mice, an animal model of NTG, and we report a novel pathway for neuroprotection that involves innate immune responses in retinal glial cells.
Results
Retinal degeneration in EAAC1 KO mice. The retinas of EAAC1 KO mice show normal organization at 5 weeks of age (5 W) and retinal degeneration starts thereafter, as we previously reported. 6, 11 We first examined the cell number in the ganglion cell layer (GCL) and the thickness of the inner retinal layer (IRL) from 3 to 12 W (Figure 1a) . The cell number in the GCL was significantly decreased in EAAC1 KO mice compared with WT mice after 8 W (Figure 1b ). In addition, the thickness of the IRL was also significantly decreased after 8 W in EAAC1 KO mice (Figure 1c) . We next examined the visual function of these mice at 8 and 12 W using the established noninvasive method multifocal electroretinograms (mfERGs). 6, 14, 18 The visual function of EAAC1 KO mice was impaired in all visual fields compared with WT mice at 8 and 12 W (Figures 1d and e) .
Neuroprotective effects of candesartan in EAAC1 KO mice. To investigate whether candesartan is capable of preventing the NTG-like phenotypes in EAAC1 KO mice, we administered candesartan or PBS (control) orally every day to EAAC1 KO mice from 5 to 8 or 12 W (Figure 2a ). Histopathological analysis revealed that a small degree of RGC loss was observed in candesartan-treated mice, but the number of surviving neurons in these mice was significantly higher than that in untreated (control) mice (Figures 2b and c) . In addition, candesartan treatment prevented the thinning of the IRL (Figure 2d ). We also visualized retinal layers using optical coherence tomography (OCT), a noninvasive imaging technique that can be used to acquire cross-sectional tomographic images of the retina in vivo. 17 The average thickness of the ganglion cell complex (GCC), which includes the nerve fiber layer, GCL, and inner plexiform layer, was decreased in control eyes, but it was unchanged in candesartan-treated eyes, indicating that candesartan suppresses the retinal degeneration in EAAC1 KO mice (Figure 3a) . For quantitative analysis, GCC was measured by scanning the retina in a circle centering around the optic nerve disk (Figure 3b) , and the average GCC thickness was determined from acquired images (Figure 3c) . GCC thickness at 8 and 12 W was significantly reduced in control mice, but it was unchanged in candesartan-treated mice ( Figure 3d ). We also analyzed the visual function of these mice at 8 and 12 W. The visual function of candesartantreated mice was better than that of control mice in all visual fields (Figures 4a and b) . We next examined the effects of candesartan on IOP. The IOP values of candesartan-treated mice were not significantly altered compared with those of control mice (Figure 4c ). These results suggest that candesartan prevents NTG-like pathology in EAAC1 KO mice and this neuroprotective effect is IOP-independent.
AT1-R and TLR4 expression in the retina of EAAC1 KO mice. To examine the mechanism of neuroprotective effects of candesartan, we first analyzed the mRNA expression of AT1-R in the retina of WT and EAAC1 KO mice at 5 W. Compared with WT mice, AT1-R expression was significantly increased in EAAC1 KO mice ( Figure 5a ). As RGC degeneration in EAAC1 KO mice is known to associate with oxidative stress, we next examined the effects of oxidative stress on AT1-R expression. Intraocular injection of a nitric oxide (NO) donor, NOR4, to WT mice significantly upregulated AT1-R expression (Figure 5b ). These results indicate that oxidative stress in EAAC1 KO mice causes the elevation of AT1-R.
Previous studies have shown that AngII upregulates TLR4 expression, and gene polymorphisms in TLR4 are associated with the risk of glaucoma. 21, 22, 27, 28 So we examined the protein expression of TLR4 in the retina of WT, EAAC1 KO mice and candesartan-treated (1 week from 5 W) EAAC1 KO mice. A significant increase of TLR4 expression was observed in untreated EAAC1 KO mice, but candesartan treatment suppressed this increase (Figure 5c ). To examine the effects of TLR4 signaling on the expression of cytotoxic factors, we next measured iNOS mRNA expression in the retina after intraocular injection of LPS (a ligand for TLR4). The mRNA expression of iNOS was increased by LPS in a dosedependent manner in both WT and EAAC1 KO mice. However, a significant increase was observed with a low dose of LPS (1 ng) in EAAC1 KO mice whereas no increase was observed in WT mice (Figure 5d ). In addition, such an upregulation was inhibited by candesartan treatment (Figure 5e ). Taken together, these results suggest that expression of AT1-R, TLR4 and iNOS are all upregulated in EAAC1 KO mice, and candesartan suppresses TLR4 and iNOS expressions by inhibiting AT1-R-mediated responses.
Expression of AT1-R, TLR4 and iNOS in the retina. To identify the cell type distribution of AT1-R and TLR4 in the retina of WT and EAAC1 KO mice, we performed immunohistochemistry with antibodies against AT1-R, TLR4 and retinal cell markers. AT1-R and TLR4 immunopositive (IP) cells were double-labeled with GS or GLAST (markers for Mü ller cells) and bIII tubulin (a marker for RGCs; Figure 6a ). Compared with WT mice, AT1-R and TLR4 expressions in EAAC1 KO mice seemed to be increased in both Mü ller cells and RGCs. We next examined the distribution of iNOS after intraocular injection of LPS (1 ng). Compared with WT mice, iNOS expression was clearly increased in the inner retina of EAAC1 KO mice (Figure 6b ). In addition, iNOS IP cells were strongly double-labeled with GLAST (Figure 6c ), indicating that iNOS expression was mainly induced in Mü ller cells.
We next prepared cultured Mü ller cells and RGCs, and further confirmed the specificity of cell type-specific markers used and the purity of our cultured cells (Figures 6d and e) . Effects of TLR4-ASK1 signaling in Mü ller cells. The RAS is involved in oxidative stress-induced cell death in cultured RGCs. 29 However, our present findings suggest that candesartan may be effective also in Mü ller cells. To determine this possibility, we first examined the effects of AngII on TLR4 protein expression in cultured Mü ller cells, and found a dose-dependent increase of TLR4 (Figures 7a  and b) . We next measured the expression of TLR4 after pretreatment with candesartan (10 mM) for 1 h before the stimulation with AngII (1000 nM). Candesartan inhibited AngII-induced upregulation of TLR4 expression (Figures 7c  and d) . We previously reported that the TLR4-ASK1 pathway is involved in the LPS-induced iNOS production in the retina. 17, 18 To determine whether the same pathway exists in Mü ller cells, we examined LPS-induced iNOS expression in cultured Mü ller cells. LPS-induced iNOS mRNA expression was increased in a dose-dependent manner, and a significant increase was detected when co-stimulated with AngII (1000 nM; Figure 7e ). We also measured LPS (1000 ng/ml for 6 h)-induced iNOS expression after pretreatment with candesartan for 1 h before stimulating with AngII (1000 nM). Candesartan inhibited the additional upregulation of LPS-induced iNOS expression by AngII (Figure 7f ). We performed similar experiments using cultured Mü ller cells prepared from ASK1 KO mice, but LPS-induced iNOS expression was hardly detectable. These results suggest that TLR4-ASK1 signaling is involved in the iNOS production in Mü ller cells, and that candesartan may protect RGCs by inhibiting AngII-induced TLR4 upregulation and iNOS production in Mü ller cells in EAAC1 KO mice. 
Discussion
In this study, we showed that candesartan prevents progressive RGC loss, thinning of the IRL and visual disturbances in EAAC1 KO mice without affecting IOP. To demonstrate these findings in the same animal, we utilized OCT and mfERG that permit in vivo, noninvasive, longitudinal and quantitative assessment of the changes in retinal morphology and function in EAAC1 KO mice. These techniques clearly visualized the effects of candesartan in the present study and they provide useful information in experimental animals as well as in clinical trials and management. [30] [31] [32] In the EAAC1 KO mouse retina, AT1-R, TLR4 and LPS-induced iNOS expression levels were upregulated, and candesartan significantly suppressed the upregulation of TLR4 and iNOS expressions in these mice. We found that AT1-R and TLR4 were expressed in Mü ller glial cells as well as in RGCs, and LPS-induced iNOS was mainly expressed in Mü ller cells. In cultured Mü ller cells, AngII stimulated TLR4 and LPS-induced iNOS upregulation, which are suppressed by candesartan or ASK1 deficiency.
We previously reported that GLAST and EAAC1 have differential roles in preventing RGC degeneration.
6,11 GLAST is essential not only to keep the extracellular glutamate concentration below the neurotoxic level, but also to maintain the glutathione levels in Mü ller cells by transporting glutamate, the substrate for glutathione synthesis, into the cells. In contrast, the main role of EAAC1 is to transport cysteine into RGCs as a precursor for neuronal glutathione synthesis. Thus, GLAST deficiency leads to RGC degeneration caused by both neurotoxicity and oxidative stress whereas EAAC1 deficiency induces RGC loss mainly through oxidative stress. In this study, intraocular injection of an NO donor to WT mice significantly upregulated AT1-R expression, suggesting that oxidative stress contributes to the upregulation of AT1-R expression in EAAC1 KO mice. Consistently, reactive oxygen species (ROS) are recognized as significant inducers of AT1-R expression in vascular smooth muscle cells. [33] [34] [35] TLRs are type 1 transmembrane proteins with an intracellular TLR/interleukin-1 receptor homology domain selectively activated by conserved pathogen-associated molecular patterns, 36 and have an important role in both innate and adaptive immunity. 37 Among the TLR family members, TLR4 functions as the signal-transducing receptor for LPS. TLR4 is reported to have a crucial role in LPS-induced neuronal cell death in the central nervous system. 38 In addition, multiple single-nucleotide polymorphisms (SNPs) in the TLR4 gene have been associated with the risk of NTG, 28 suggesting that TLR4 is associated with pathophysiology of glaucoma. Moreover, ASK1 is required for innate immune responses dependent on TLR4.
39 ASK1 is a mitogenactivated protein kinase kinase kinase (MAP3K) that plays pivotal roles in ROS-induced cellular responses. 15 In this study, we found that Mü ller glia, which express AT1-R, produce NO via the RAS-TLR4-ASK1 pathway. Our findings suggest that NO generation in Mü ller cells may be stimulated, at least partly, via an autocrine mechanism, and exacerbate RGC death in EAAC1 KO mice via a paracrine mechanism. Taken together, these results suggest that the RAS-TLR4-ASK1 pathway has important roles in both RGCs and Mü ller cells, and that the glia-neuron interaction stimulates RGC death. Thus, interruption of this pathway by candesartan may be effective for neuroprotection in some types of glaucoma. To further confirm the usefulness of EAAC1 KO mice to represent glaucoma, 40 we are currently investigating EAAC1 gene abnormalities in glaucoma patients. Further studies are required to determine the effects of glia-neuron interactions in various forms of retinal degeneration and during optic nerve and retinal regeneration. [41] [42] [43] [44] [45] [46] Recent studies reported that dysregulation of the RAS may be associated with the pathophysiology of glaucoma. [25] [26] In fact, oxidative stress has direct effects on RGC death through AT1-R signaling. 29 In this study, we found that the RAS-TLR4-ASK1 pathway in Mü ller cells is involved in the production of iNOS and oxidative stress-induced RGC death in EAAC1 KO mice (Figure 8 ). In addition, the nitric oxide (NO) donor NOR4 significantly upregulates AT1-R expression (Figure 5b ), suggesting that NO generation in Mü ller cells may be further stimulated via a positive feedback mechanism. Taken together, the RAS-TLR4-ASK1 pathway may be active in both RGCs and Mü ller cells, and a possible therapeutic target in some types of glaucoma. As the glia-neuron network has important roles in the central nervous system, 14, 17, 18, [41] [42] [43] the RAS-TLR4-ASK1 pathway should be further elucidated using cell type-specific conditional KO mice to dissect out the roles of each cell types. We are currently preparing RGC-and Mü ller cell-specific ASK1 conditional KO mice. 43 In summary, candesartan protects IOP-independent RGC death by inhibiting the RAS-TLR4-ASK1 pathway in both neural and glial cells. Our findings raise intriguing possibilities for the management of glaucoma by utilizing widely prescribed drugs for the treatment of high blood pressure, in combination with conventional treatments to lower IOP.
Materials and Methods
Mice. Experiments were performed using EAAC1 KO (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) 6, 11 and ASK1 KO mice [16] [17] [18] on a C57Bl6 background in accordance with the Tokyo Metropolitan Institute of Medical Science Guidelines for the care and use of animals.
Oral administration of candesartan. Candesartan (10 mg/kg; Takeda Chemical Industries, Osaka, Japan) in PBS was administered every day orally from 5 to 8 or 12 W. PBS was administered as a control. The mice were euthanized for evaluation of RGC loss and IRL thickness at 5, 8 and 12 W.
Histological and morphometric studies. Paraffin embedded retinal sections of 7 mm thickness were cut through the optic nerve and stained with hematoxylin and eosin (H&E). The microscopic image of each section within 0.5 to 1 mm from the optic disk was scanned. The RGC number and the extent of retinal degeneration were quantified in two ways. First, the thickness of the IRL (between the internal limiting membrane and the interface of the outer plexiform layer and the outer nuclear layer) was analyzed. Second, in the same sections, the number of neurons in the GCL was counted from one ora serrata through the optic nerve to the other ora serrata.
Imaging acquisition of spectral-domain optical coherence tomography (SD-OCT). SD-OCT (RS-3000, Nidek, Aichi, Japan) examinations were performed at 5, 8 and 12 W. For fundus imaging, polymethyl methacrylate contact lenses optimal for mice (UNICON, Osaka, Japan) were placed on the corneas. Use of the lenses prevents anesthesia-induced cataract progression. A 60-D adaptor lens was placed on the objective lens of the Multiline OCT to focus on the mouse retina. For imaging of the inner retinal layers on SD-OCT using the speckle noise-reduction method, line scans and a circular scan around the optic disk were performed. All the line scan images were location matched, scanning vertically through the center of the optic nerve head at 3 disc diameter lengths above the optic nerve head. 17 All the circular scan images were obtained by scanning a circle centering around the optic nerve disk. The average thickness of GCC (between the internal limiting membrane and the interface of the inner plexiform layer and the inner nuclear layer) was measured. In this study, the maximum number of B-scans set by the manufacturer (50 for line scans and 10 for circular scans) was used for averaging.
IOP measurement. IOP was measured by a commercial rebound tonometer (TonoLab; Colonial Medical Supply, Franconia, NH, USA) in anesthetized mice as reported previously. 14 To minimize variation, the data were collected during a time window of 4-6 min after injection of the anesthetic, during which IOP plateaus. IOP was measured at 5, 8 and 12 W. As the 24-h IOP pattern in mouse eyes is biphasic, with IOP being the highest at around 2100 hours, 47 we examined IOP between 2000 and 2300 hours.
mfERG. Mice at 5, 8 and 12 W were anesthetized by intraperitoneal injection of sodium pentobarbital. The pupils were dilated with 0.5% phenylephrine hydrochloride and 0.5% tropicamide. mfERGs were recorded using a VERIS 6.0 system (Electro-Diagnostic Imaging, Redwood City, CA, USA). The visual stimulus consisted of seven hexagonal areas scaled with eccentricity. The stimulus Figure 5 AT1-R and TLR4 expression levels in the EAAC1 mouse retina. (a) mRNA expression levels of AT1-R measured by quantitative real-time PCR. GAPDH was used as an internal control. (b) mRNA expression levels of AT1-R measured 9 h after intraocular injection of NOR4 in WT mice. (c) Protein expression levels of TLR4 were determined by western blotting before and after daily treatment with candesartan for a week. Actin was used as an internal control. (d) iNOS mRNA expression levels were measured 6 h after intraocular injection of LPS. (e) iNOS mRNA expression levels were measured 6 h after intraocular injection of LPS (1 ng) with or without daily treatment with candesartan for a week. The data are presented as means ± S.E.M. of six samples for each experiment. *Po0.05 array was displayed on a high-resolution black and white monitor driven at a frame rate of 100 Hz. The second-order kernel, which is impaired in patients with glaucoma, was analyzed. 48 Immunohistochemistry. Retinas were examined by immunostaining as previously reported. 17 Immunohistochemistry was performed using the following primary antibodies: AT1-R (1 : 100; AB15552, Merck Millipore, Billerica, MA, USA), TLR4 (1 : 100; ab22048, Abcam, Cambridge, MA, USA), GS (1 : 500; MAB302, Merck Millipore), GLAST (1 : 1000; Rb-Af660, Frontier Institute, Hokkaido, Japan), bIII tubulin (1 : 100; MAB1195, R&D, Minneapolis, MN, USA and 1 : 100; 5568, Cell Signaling, Danvers, MA, USA) and iNOS (1 : 100; 610328, BD Biosciences, San Jose, CA, USA).
Immunoblot analysis. Immunoblotting was performed as previously reported. 7 Membranes were incubated with antibodies against TLR4 (1 : 100; sc-16240; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and actin (1 : 1000; 612656; BD Biosciences).
Intraocular injection. Intravitreal injections were performed under a microsurgical microscope (Olympus Corporation, Tokyo, Japan) using a glass microsyringe (Ito Corporation, Shizuoka, Japan) with a 33-gauge needle (Ito Corporation). During this procedure the mice were anesthetized by intraperitoneal injection of sodium pentobarbital. Eyes were punctured at the upper temporal limbus and a volume of 2 ml of NOR4 (10mM in 10% DMSO; Dojindo Laboratories, Kumamoto, Japan), or 1 ml of LPS Cell culture. Müller cells were isolated as previously reported. 41, 43 Müller cells derived from WT and ASK1 KO mice were stimulated with AngII (0, 10, 100 and 1000 nM) for 24 h and/or LPS (0, 0.1, 1, 10, 100 and 1000 ng/ml) for 6 h, and processed for quantitative PCR analysis. In some experiments, Müller cells were pretreated with candesartan (10 mM; Takeda Chemical Industries, Osaka, Japan) for 1 h before stimulation. RGCs were isolated by using a previously described two-step panning method. 16, 49 Briefly, postnatal day 2 mice were killed to obtain approximately 20 enucleated eyes. Isolated retinas were incubated in calcium-and magnesium-free Hanks' balanced salt solution containing 0.5 mg/ml papain, 0.24 mg/ml cysteine and 0.5 mM EDTA for 10 min at 37 1C, and washed with PBS. The dissociated cells were incubated with rabbit anti-mouse macrophage antibody (Inter-Cell Technologies, Hopewell, NJ, USA) for 5 min. Cell suspensions were treated for 30 min in 100-mm petri dishes coated with goat antibody against rabbit IgG heavy and light chains (4050-01; Southern Biotechnology Associates, Birmingham, AL, USA). Suspensions containing the cells that did not adhere to the petri dish were treated for 1 h in 100-mm petri dishes coated with anti-mouse Thy 1.2 antibody (14-0902-82; eBioscience, San Diego, CA, USA). Cells that adhered to the second petri dish were collected after separation with 0.05% trypsin and 0.5 mM EDTA at room temperature. Isolated RGCs were cultured in eight-well chamber slides. Immunohistochemistry was performed using the primary antibodies against GLAST (1 : 1000) and bIII tubulin (1 : 1000).
Quantitative real-time PCR. Quantitative RT-PCR was performed using the ABI 7500 fast RT-PCR system (Applied Biosystems, Foster City, CA, USA) with SYBR Green PCR Master Mix (Applied Biosystems) as previously reported. 50 Complementary DNA reverse-transcribed from total RNA was amplified by using primers specific for AT1-R (sense: 
